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(57) Abstract 

A neutron lens comprises a series of silicon wafers (2), each preferably shaped to describe a two dimensional ellipsoidal 
surface, with a neutron reflecting coating (4) sandwiched between adjacent wafers. The wafers are arranged so that their major 
axes are approximately aligned with the neutron beam direction. The wafers of silicon act as conduits for the neutrons and also 
provide structural surfaces to which the neutron reflecting coating (4) is applied. With the neutron lens the gauge volume can be 
defined with a higher flux of neutrons than has previously been possible. 

(57) Abrege 

L'invention concerne une lentille 3 neutrons comprenant une serie de tranches de silicone (2), chacune 6tant form^e, de 
preference, de maniere a decrire une surface ellipsoTdale £ deux dimensions, avec un revetement r6flechissant £ neutrons (4) 
situe entre les tranches adjacentes. Les tranches sont disposees de manure que leurs axes principaux soient plus ou moins 
align^s avec la direction du faisceau de neutrons. Les tranches de silicone servent de conduits pour les neutrons et constituent 
egalement des surfaces structurales sur lesquelles est applique le revetement reflechissant a neutrons (4). Grace a la lentille a 
neutrons, le volume de jauge peut etre defini par un flux de neutrons sup^rieur a celui possible auparavant. 
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(54) Title: NEUTRON LENS 




(57) Abstract 

A neutron lens comprises a series of silicon wafers (2), each preferably shaped to describe a two dimensional ellipsoidal surface, with 
a neutron reflecting coating (4) sandwiched between adjacent wafers. The wafers are arranged so that their major axes are approximately 
aligned with the neutron beam direction. The wafers of silicon act as conduits for the neutrons and also provide structural surfaces to which 
the neutron reflecting coating (4) is applied. With the neutron lens the gauge volume can be denned with a higher flux of neutrons than 
has previously been possible. 
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NEUTRON LENS 

The present invention relates to a neutron lens and in particular to a 
neutron lens constructed using silicon based material. 
5 While neutron scattering is often the technique of choice for many 

condensed matter investigations a persistent problem is the fact that, in 
comparison to modern light sources, neutron sources are very weak. As a 
consequence neutron beam experiments tend to require larger samples, 
and take longer to run.. 

io Neutron sources have been developed over the years and there is 

currently under construction third generation pulsed spallation sources 
which will offer increases of between x10 and x30 over existing neutron 
sources. However, this source increase must be combined with 
improvements in instrumentation of a similar magnitude to ensure effective 

15 gains of around x1000 which is the order of gain required to study many of 
the most pressing and interesting problems that occur in condensed matter 
science. Instrumentation improvements have been achieved through 
increases in detector area and pixellation, the use of focussing 
monochromators and the provision of new neutron optical devices such as 

20 super-mirror guides. However, other than neutron guides, there are few 
devices for de-coupling the divergence of the neutron beam from its flight 
path. Such de-coupling is extremely important for optimal instrument 
design on pulsed sources since both the divergence and flight path play a 
role in determining the intensity and resolution of the neutron scattering 

25 instrument and maximising performance often requires that they be 
adjusted separately. 

Currently, neutron focussing optical devices have used Bragg 
diffraction, refraction or reflecting capillaries such as micro channel guides 
(Kumakhov lens) or 'Lobster- Eye' optics. The Bragg diffraction and 

30 refraction lenses use wavelength dependent effects that are unsuited to 
white beam instrumentation. Such lenses would not therefore be generally 
useful in time-oMlight sources such as ISIS (at the Rutherford Appleton 
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useful in time-of-flight sources such as ISIS (at the Rutherford Appleton 
Laboratory, UK) or the third generation sourdes such as the SNS being 
developed in the US. 

Kumakhov lenses, on the other hand, use grazing incidence multiple 

5 reflection within capillaries to guide neutrons to a focal point. Kumakhov 
lenses are well suited to white beam instrumentation, but achieve their 
gains by intercepting a large beam area, and, with relatively low efficiency, 
increasing the flux of neutrons at a focal point through a large increase in 
the divergence of the neutron beam. Such divergence can be greater than 

10 0.1 rad. US5497008 describes a Kumakhov lens that consists of hollow 
capillaries through which the neutrons pass and are focussed. US 
5658233 describes the use of a similar capillary neutron lens in medical 
applications. 

More recently in volume 10, No. 1 1999 of Neutron News an article 
is entitled "Novel Optics for Conditioning Neutron Beams II: Focussing 
Neutrons with a 'Lobster-Eye Optic", B E Aliman et al described a lens 
constructed from a microchannel plate (MCP) array of lead-glass square 
channels. While such a lens does produce a focussing effect. The solid 
angle of acceptance of the lens is set by the relatively low, grazing 
20 incidence reflection from the glass surfaces. 

The present invention seeks to provide an improved neutron lens, 
based on reflection, that is suitable for use with white beam spallation 
neutron instrumentation, that does not have the problem of divergence 
associated with Kumakhov lenses and that is less complex and costly to 
25 construct than existing neutron lenses. 

Thus the present invention provides a lens for focusing particle or 
electromagnetic radiation comprising a plurality of transmissive layers 
arranged in a stack and a plurality of reflective layers each interposed 
between respective adjacent transmissive layers, each reflective layer 
30 being applied to a surface of a transmissive layer. 

In a first aspect the present invention provides a neutron lens 
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comprising a plurality of reflective layers of neutron reflective material 
separated by transmissive layers of a material containing silicon. 

The present invention enables a well defined small volume of a 
sample to be reliably illuminated with neutrons with components that need 
5 not be in contact with or close to the sample itself. Furthermore, with the 
present invention the total solid angle of neutrons incident on a sample is 
greater than can be achieved with existing lenses. The present invention 
also provides an improved signal-to-noise performance as the neutron 
beam can be restricted to that strictly required to illuminate the sample. 

10 Ideally, the transmissive layers, arranged to lie generally parallel to 

an incident neutron beam, consist of single crystal silicon material. The 
reflective layers preferably consist of a metallic coating such as Ni or 
consist of a supermirror coating. 

In a preferred embodiment the surfaces of the transmissive layers 

15 on which neutron reflective coatings are formed are elliptical or parabolic in 
shape. The thickness of individual transmissive layers may vary whilst the 
surface area of the reflective coatings may be substantially equal. 
Alternatively, the thickness of the transmissive layers may be substantially 
equal whilst the surface areas of the reflective coatings may vary. 

20 Preferably, individual reflective layers are separated a distance of 

between 10 microns and 1 mm. More preferably, where the thickness of 
the transmissive layers is substantially equal, t he individual reflectLve Jayers 
are separate d a distance of between 30 to 80 microns, ideally 50 microns. 
In a further aspect the present invention provides an x-ray iens 

25 comprising a plurality of reflective laye r s ^^^ ^^jj j ^^ § J!^S§ ^ 

separated by x-ray transmissive layers. Ideally, the transmissive layers * 
consists of a material containing beryllium. 

Embodiments of the present invention will now be described by way 
of example with reference to and as shown in the accompanying drawings, 

30 in which: 

Figure 1 is a schematic diagram of a neutron lens employing 2-D 
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e llipsoidal surfaces; _ 

Figure 2 is a schematic 3-D diagram <3f the neutron lens of Figure 1; 
Figure 3 is a schematic diagram of an alternative neutron lens which 
employs double parabolic surfaces ; and 
5 Figure 4 is a schematic diagram of a second alternative neutron lens 

15 which employs plane surfaces of varying length. 

The neutron lens shown in Figure 1 consists of a plurality of layers 2 
of a material containing or consisting of silicon such as silicon wafers 
generally aligned with the beam path of the neutrons from a source 3 so 
20 10 that the surface area of each layer approximately lies in the plane of the 

incident beam. On one surface of each silicon layer 2 is a neutron 
reflective coating 4 such that each coating layer is sandwiched between 
25 and in contact with the silicon layer to which the coating is applied and an 

adjacent silicon layer. The outermost layers of the lens are of silicon. The 
15 neutron lens includes no through apertures or channels exposed to the 
air/vacuum surrounding the lens, instead the neutron lens is a solid with 
30 consecutive, generally aligned stratae of silicon 2 and the reflective coating 

4. Silicon is used because it is substantially transparent to neutrons over a 
wavelength of 1 Angstrom, it can provide a mirror surface for the deposition 
20 of supermirror coatings, and can be produced in a variety of thicknesses. 
Furthermore, Si wafers are preferred because they may be bent, to achieve 
the optical surfaces required. Such curvature may be achieved by profiling 
the Si wafer thickness, or by placing suitable packing pieces between the 
40 layers of the lens. Thus, the silicon layers act as conduits to the neutrons 

25 and provide structural surfaces to which the neutron reflecting coating is 
applied. 

As can be seen from Figure 1 , each silicon layer 2 is curved to 
define a 2-D ellipsoidal surface for the reflective coating 4. The elliptical 
surfaces to which the reflective coating is applied ensure improved neutron 
30 intensity at the image point with an angle of incidence equal to ±9 C . 
so The construction of the neutron lens of Figure 1 can be more clearly 
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seen in Figure 2. Silicon wafers on which reflective coatings 4 have 
already been applied, are layered about a central silicon spacer or former 
5. The stack of silicon wafers is then clamped in place within a frame 6 that 
urges the silicon layers to conform to the shape of the central former 5. 
5 The thickness of the silicon wafers 2 may vary in dependence on 

their position within the stack. Thus, as may be seen in Figure 2, the 
wafers are thinner the closer they are to the central former 5. The 
thickness may vary from as small as 10 microns up to 1 mm, for example. 
Generally, the surface area of the wafers is selected so that the wafers are 

io easy to handle. For example, the wafers may be around 20-30mm along 
the beam and 20-70mm across the beam. However, there is no limitation 
on the surface area of individual silicon layers. 

Alternatively, the silicon layers 2 may be shaped to define double 
parabolas on their surfaces, as shown in Figure 3. Such an arrangement 

15 will image an aperture with a beam divergence twice that of the elliptical 
design of Figures 1 and 2 and so can provide significant increases in flux. 

More simplified designs are also envisaged using plane surfaces. In 
its simplest arrangement, the neutron lens consists of a plurality of 
substantially parallel layers of silicon material. Each layer is of substantially 

20 identical thickness and size, and each sandwiches a reflection coating 4. 
This structure is useful for certain applications but has certain 
disadvantages not least that not all the neutrons are scattered and a line 
object is not imaged as a line but is spread an amount proportional to the 
mirror depth. 

25 As shown in Figure 4 the neutron lens may consist of layers of 

silicon material of differing surface area. Thus, the innermost layers of 
silicon have the greatest area and the outermost layers the smallest area. 
The wafers may vary in size from 5mm to 50mm in the direction of the 
beam and from 20mm to 70mm across the beam direction. In this 

30 arrangement the layers are of substantially equal thickness at around 50 
microns. 
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Preferably, single crystal silicon is used in the individual layers of the 
neutron lens. Amorphous silicon may alternatively be used. Doped silicon 
is not needed and can prove a hindrance to good transmission of the 
neutrons. The neutron reflective coating may consist of a coating of Ni with 
5 a coating thickness of around 100nm. Preferably, though, a supermirror 
15 coating is employed using. a magnetron sputtering system which is a well 

known technique. For example, alternate graded layers of Ti and Ni may 
be applied to the surfaces of the silicon wafers. 

The neutron lenses described above are particularly suited to the 
20 10 field of engineering science where it can be used in neutron strain scanning 

to determined residual stresses in materials. Such studies require a small 
'gauge volume' within the sample material to be defined so that the stress 
25 within that volume may be determined and the process repeated over the 

whole sample by scanning and measuring the stresses for each gauge 
15 volume in turn. With the neutron lens described above, the gauge volume 
can be defined with a higher flux of neutrons than has previously been 
30 possible. In combination with super-mirror optics such as ENGIN-X at ISIS, 

the neutron lens can achieve a gain in the range of 5 to 10. When small 
gauge volumes of less than 1mm are required the gains from using the 
20 neutron lens can be a factor of 5 to 50, even when the beam is focused in 
only one plane. 

The neutron lens wiii enable smaller gauge volumes to be studied so 
that even crack tips, surface coatings and steep stress gradients in welds 
40 can be studied. The neutron lens could also be used in the study of new 

25 pharmaceutical compounds, for example, where the size of a single crystal 
is strictly limited. 

The neutron lens can also increase the solid angle and hence the 
flux of neutrons in neutron scattering experiments. For example, the SXD 
instrument at ISIS is 8m from the moderator which is simply directly viewed 
30 by the sample. In this arrangement the sample is illuminated by a solid 
so angle of 0.0001 6sr. Using two double parabolic neutron lenses, as 
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described above, the solid angle can be Increased to 0.001 6sr thereby 
providing a theoretical gain of x10 in flux and improved signal to noise. The 
signal to noise improvements should not be ignored as it is estimated that 
in many scattering experiments the penumbra surrounding the neutron 
beam is 20-50% of the beam intensity. Removal of a 20% background 
level is believed to be the equivalent of a x3 increase in flux. 

Reference has been made above to neutron lens, however, the 
same structure of lens may be used in the focussing and conditioning of 
x-rays. However, for x-rays the silicon layers are replaced with layers of a 
material containing or consisting of Be. 

It will of course be appreciated that the spirit and scope of the 
invention is not limited to the embodiments of lenses described above. The 
structure and design of the individual layers of the lens may be altered as 
necessary to provide the desired conditioning of the neutron or x-ray beam. 
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CLAIMS 



1 . A tens for focusing particle or electromagnetic radiation comprising a 
5 plurality of transmissive layers arranged in a stack and a plurality of 
15 reflective layers each interposed between respective adjacent transmissive 

layers, each reflective layer being applied to a surface of a transmissive 
layer. 



io 2. A neutron lens comprising a plurality of reflective layers of neutron 
reflective material separated by transmissive layers of a material containing 
or consisting of silicon. 

3. An x-ray lens comprising a plurality of reflective layers of x-ray 

15 reflective material separated by transmissive layers of a material containing 
or consisting of beryllium. 

4. A lens as claimed in any one of the preceding claims, wherein each 
reflective layer is a coating applied to a surface of a respective transmissive 

20 layer. 

5. A lens as claimed in claim 4, wherein the coated surface of each 
transmissive layer substantially describes an ellipse. 

25 6. A lens as claimed in claim 4, wherein the coated surface of each 
transmissive layer substantially describes one or more parabolas. 



7. A lens as claimed in either of claims 5 or 6, further including a former 
with the transmissive layers stacked on opposing sides of the former, the 
30 sides of the former having a profile substantially corresponding to the 
50 desired shape of the coated surfaces of the transmissive layers. 
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8. A lens as claimed in any of the preceding claims wherein the 
thickness of the transmissive layers varies with respect to the position of 
each layer in the stack. 

5 

9. A lens as claimed in claim 8, wherein the thickness of the 
transmissive layers varies between 10 microns and 1 mm. 

10. A lens as claimed in any one of the preceding claims wherein the 

10 surface area of the transmissive layers in the plane of the incident radiation 
varies with respect to the position of each layer in the stack. 

11. A lens as claimed in claim 2 and any one of claims 4 to 10, wherein 
the transmissive layers consist of single crystal silicon. 

15 

12. A lens as claimed in claim 2 and any one of claims 4 to 1 1 ( wherein 
the reflective layers consist of a metallic coating of nickel. 

13. A lens as claimed in any one of claims 1 to 1 1 , wherein the reflective 
20 layers are supermirror coatings. 
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